Abstract: Electricity in the Southwestern United States is primarily generated with water intensive steam turbines. If energy demand continues to rise this will lead to a further rise in water demand. A comprehensive understanding of water consumption and withdrawal for utility scale generation of electricity is necessary before any improvements in the water efficiency of such systems in arid environments can be made. This study estimated and compared the water usage associated with thermoelectric generation (i.e., natural gas, coal), and solar energy, in the five driest Colorado River Basin states: Utah, New Mexico, Nevada, Arizona, and California. This study also examined and compared each state's Renewable Portfolio Standards (RPS) and how this might impact water savings. Results showed that each state's current RPS goals would reduce the water that is consumed by the generation of electricity. However, the amount of water savings will vary on a state by state basis. In order to reduce water consumption, replacing thermal electric generation with photovoltaic (PV) solar can be significant and should be encouraged. The amount of water saved will vary, however, depending on the state's choice of coal or natural gas.
Introduction
Water plays a significant role in sustaining urban development as well as ecological activities. A majority of the flow in the Colorado River basin comes from Rocky Mountain snowmelt, yet most of the water usage occurs in the semi-arid and desert regions of the lower basin for irrigation and thermoelectricity [1, 2] . Water usage also occurs in the domestic and industrial sectors, such as for processing sewage, manufacturing of goods, aquaculture, and mining. In recent years, due to below average snow pack, a continued decrease in water levels has been observed in reservoirs along the Colorado River. A vestige of the 139-year-old law, "use it or lose it" clause, which gives the farmers, ranchers and governments holding water rights a powerful incentive to use more water than they need, contributes to further water shortages [3] . In 2014, the initiative, known as the "System Conservation Pilot Program", which pays ranchers and farmers to let water run down the river instead of irrigating, started and proved popular. However, it was halted after three years until the officials work out challenges such as handling many participants and deciding the amount of compensation. The water law, "use it or lose it", also poses a hurdle to the program [4] . Water levels in Lake Powell and Lake Mead have dropped to less than 50% and 40% reservoir capacity, respectively. Diminishing discharges throughout the river basin have not only put pressure on human usage, but have also led to an the concern that fuel sources might eventually run out in the future. Factors such as reduced cost, innovative financing, and the abundance of sunlight in the Southwest have increased the popularity and demand for photovoltaic (PV) solar energy. Most of the thermoelectric water withdrawal in the Southwest comes from scarce surface waters in the reservoirs of the Colorado River basin and neighboring groundwater wells. Nevada currently has 20 out of 63 power facilities that use nonrenewable fossil fuels for energy generation. More than a third of these facilities still employ steam technologies that consume a massive amount of water each day [15] . The same trends are seen in the neighboring basin states, 37 out of 61 power facilities in Arizona, 28 out of 46 power facilities in New Mexico, and 32 out of 45 power facilities in Utah use natural gas, coal, and petroleum products for the generation of electricity. Current rates of implementing renewable production of electricity and water conservation strategies to preserve water resources are not keeping up with the growing water demands that are associated with the agricultural, industrial, and public sectors in the southwest. What little water data currently exists for power plants that are publicly accessible is not focused on the total water usage throughout the electricity production process. Past studies on the water usage per unit of electricity generated were conducted by [14, 16] . However, they focused on only parts of the energy generation process. In addition, topics on efficient energy are highly publicized, yet the impact that electricity generation has on water resources are oftentimes overlooked. In this study, total water usage in the production of electricity in each Colorado River basin state; Nevada, Arizona, California, New Mexico, and Utah, was estimated. Furthermore, we estimated how water consumption is likely to change in the next ten to twenty years. Detailed estimations of the water used in energy production can offer insights into water resource management in the lower Colorado River Basin.
Methods

Total Water Usage by Thermal and PV Solar Power Plants
Total water usage in each basin state was calculated by summing the estimated water withdrawal and consumption of each generating unit at all thermal and PV solar plants. The water withdrawal or consumption of each generating unit was calculated by multiplying average water use coefficients with the estimated gross generation of electricity [17] . Where the water use coefficient is a conversion factor to estimate water usage from the amount of generated electricity by considering the types of fuel and generating facility. The water use coefficient includes pre-operational and operational water use. Pre-operational water use refers to the water that is used to acquire and prepare the fuel sources. Operational water use refers to the water withdrawal and consumption throughout the process of generating electricity. For instance, pre-operational water uses are water used for beneficiation, transportation, construction, fuel mining and extraction. Operational water uses include water used at processes like flue gas desulfurization and combustion turbine inlet cooling. Pre-operational and operational water coefficients were determined based on the past study by [14, 16, 18] as shown in Tables 1-3 . Pre-operational water use for PV solar electricity generation was considered to be zero because PV solar requires no water for fuel. Thermal energy production has high operational water use, regardless of the fuel source because of water necessity in steam production and cooling. Similarly, thermal-renewable energy sources, such as concentrated solar power (CSP), biomass, and geothermal technologies generate energy via steam turbines, which is similar to the use of fossil fuel that has high operational water use. On the other hand, PV solar plants use water mainly for panel maintenance and were considered as a no wet-cooling system [14] . Therefore, operational water use for PV solar plants is substantially lower than those of thermal energy plants.
The gross generation for each generating unit at thermal and PV solar power plants was estimated based on the publicly available utility scale power facilities' data collected from the Energy Information Administration (EIA) by the U.S. Department of Energy for years 2005 to 2015. These publicly available electricity data were self-reported to the EIA by power plants that met two criteria: (1) Power plants that have a nameplate capacity of one megawatt (MW) or greater; and (2) Power plants that have generators connected to the local or regional electric power grid and can draw or deliver power to the grid [19] . The EIA Form 923 reports the annual net energy generation per generating unit whereas EIA Form 860 contains the plant gross generation. Therefore, the gross generation per generating unit was estimated, as follows:
Gross generation per unit = (Gross generation per plant) × Net generation per unit Net generation per plant Any generating units that contained a net zero or negative electricity generation were excluded from the calculation. Average 17% of the annually reported units had a net zero or negative electricity generation for the years 2005 to 2015. Generating units were grouped by their generating unit type, fuel type and cooling system type based on power plant characteristics reported in EIA Form 860 and information found via literature survey. Power plants that did not report any specified cooling characteristics were assumed to have the same cooling systems that were found in the company's public records. The analysis assumed that all of the generating units within the same power plant employ the same fuel type and would also use the same cooling system. Once the electricity generation data were queried, the annual pre-operational and operational water-use coefficients were assigned. The total water withdrawal or consumption was then calculated. Table 2 . Preoperational water withdrawal coefficients for coal, petroleum, and natural gas power plants (L/MWh) (reproduced from [16, 18] 
Future Water Usage
Future water usage was studied using System Dynamic (SD) modeling, which allows determination of how systems change over time incorporating different aspects that are involved in the system. The model was built using SD software, STELLA ® , taking into account population growth, average household use of electricity, electricity retail sales, and the state-wide water usage per unit of electricity. The model projected electricity generation based on the population growth and trends in electricity usage and sales (Figure 1a-c) . Then, the amount of electricity generation for each fuel type was determined using the projected electricity demand and state's renewable portfolio standards (RPS) (Figure 1d-g ). Finally, the future water usage was estimated by multiplying the projected electricity generation for each fuel type with each state's consumption rate ( Figure 2 ). 
Future water usage was studied using System Dynamic (SD) modeling, which allows determination of how systems change over time incorporating different aspects that are involved in the system. The model was built using SD software, STELLA ® , taking into account population growth, average household use of electricity, electricity retail sales, and the state-wide water usage per unit of electricity. The model projected electricity generation based on the population growth and trends in electricity usage and sales (Figure 1a-c) . Then, the amount of electricity generation for each fuel type was determined using the projected electricity demand and state's renewable portfolio standards (RPS) (Figure 1d-g ). Finally, the future water usage was estimated by multiplying the projected electricity generation for each fuel type with each state's consumption rate ( Figure 2 ). The projected electricity generation was estimated by projecting total electricity retail sales, which were categorized into four major groups: residential, industrial, commercial, and transportation. Residential sales were calculated by multiplying the total number of households and the average household electricity used, which was obtained from each state's local energy report assuming no significant changes in the future. The average household electricity used in Arizona, California, New Mexico, Nevada, and Utah were 12.7, 6.4, 7.9, 11.2, and 9.5 GWh/year, respectively. The projected number of households were estimated by dividing population by the average number of households between 2005 and 2014 in each state. The average number of households in Arizona, California, New Mexico, Nevada, and Utah were 2.69, 2.93, 2.63, 2.67, and 2.99, respectively. Population was projected from the average annual growth rate, which was calculated from the Census Bureau population data in each state [20] . The average annual growth rate of Arizona, California, New Mexico, Nevada, and Utah was 0.025, 0.019, 0.044, 0.019, and 0.019, respectively. Electricity generation in the industrial, commercial, and transportation sectors did not correlate well with population (NS, p > 0.05). Therefore, their sales were projected from the average percentage of the total electric sales from 2011 to 2014, assuming that the percentage of each sector did not change significantly. Once the projected total electricity retail sales were obtained, the result was adjusted using a percent difference between total electricity sales and gross electricity generation estimated based on EIA's electricity annual forecasted growth rate of 0.9 percent per year [21] . The projected electricity generation was estimated by projecting total electricity retail sales, which were categorized into four major groups: residential, industrial, commercial, and transportation. Residential sales were calculated by multiplying the total number of households and the average household electricity used, which was obtained from each state's local energy report assuming no significant changes in the future. The average household electricity used in Arizona, California, New Mexico, Nevada, and Utah were 12.7, 6.4, 7.9, 11.2, and 9.5 GWh/year, respectively. The projected number of households were estimated by dividing population by the average number of households between 2005 and 2014 in each state. The average number of households in Arizona, California, New Mexico, Nevada, and Utah were 2.69, 2.93, 2.63, 2.67, and 2.99, respectively. Population was projected from the average annual growth rate, which was calculated from the Census Bureau population data in each state [20] . The average annual growth rate of Arizona, California, New Mexico, Nevada, and Utah was 0.025, 0.019, 0.044, 0.019, and 0.019, respectively. Electricity generation in the industrial, commercial, and transportation sectors did not correlate well with population (NS, p > 0.05). Therefore, their sales were projected from the average percentage of the total electric sales from 2011 to 2014, assuming that the percentage of each sector did not change significantly. Once the projected total electricity retail sales were obtained, the result was adjusted using a percent difference between total electricity sales and gross electricity generation estimated based on EIA's electricity annual forecasted growth rate of 0.9 percent per year [21] .
The SD model considered four fuel types: PV solar, coal, natural gas, and others (such as geothermal, water, wind, and nuclear). The percentage of projected electricity generation for each fuel type was determined based on the limitations of each state's RPS program. Some common RPS regulation approaches are to increase various renewable energy sources, such as wind, solar, and other alternatives, while progressively decreasing the dependency on non-renewable fossil fuel electric generation such as coal or natural gas. Table 4 lists each state's RPS aims and the The SD model considered four fuel types: PV solar, coal, natural gas, and others (such as geothermal, water, wind, and nuclear). The percentage of projected electricity generation for each fuel type was determined based on the limitations of each state's RPS program. Some common RPS regulation approaches are to increase various renewable energy sources, such as wind, solar, and other alternatives, while progressively decreasing the dependency on non-renewable fossil fuel electric generation such as coal or natural gas. Table 4 lists each state's RPS aims and the corresponding sources. For the purpose of this study, only the goals pertaining to PV solar are highlighted in the comparison among states.
In order to convert from electricity generation to water usage, a state specific consumption rate was calculated using the estimated state annual gross generation and average water consumption rate for each fuel type between 2005 and 2015, which is explained in the Section 2.1. For the purpose of this study, the water consumption rate was only calculated for coal, natural gas and PV solar. Therefore, the total water consumption estimated from the model included water consumption of three fuel types and assumed the percentage of the other fuel types remain relatively constant.
Note that, in the SD model, factors other than population growth that can affect the future water demand, such as regional climate changes, the duration of wet and dry years, and the generating unit characteristics (i.e., type of cooling system and type of technology) within each power plant were assumed to remain the same. Furthermore, the amount of electricity used would increase as population increases, assuming that population growth is at a higher rate than increase in energy efficiency. Arizona [22] • Renewable energy to be increased to at least 15% by 2025, 30% from distributed generation (residential or non-utility owned) annual requirement California [23, 24] • To increase eligible renewable energy recourse to 33% by 2020, 50% by 2030.
•
Mandated three large electric utilities to procure 250 MW of Bioenergy generation (such as biogas, organic waste, food processing, and co-digestion).
New Mexico [25] • Total renewables to be increased to 20% by 2020.
Of which, no less than 30% (30% of the total 20%) should be generated by wind, 20% by Solar thermal/PV energy, 5% by other renewables, and 3% distributed generation.
(which translates to only 6% total in wind, and 4% total in solar, 1% in others, and 0.6% from distributed generation)
Nevada [26, 27] • Renewable energy to be increased every two years until it reaches 25% by year 2025.
Of which, at least 5% (5% of the total 25%) must be generated by solar facilities by 2015, and 6% (6% of the 25%) must be generated by solar facilities for 2016 and beyond.
For years 2016 and after, 6% of that amount must be generated or acquired from solar renewable energy systems. This translates to only 1.5% of the total electricity generated from solar systems.
Retire or eliminate 300 MW or more coal-fired electric generating capacity by 2014, in addition, eliminate 250 more MW by 2017, and 250 more on top of the previous by 2019.
Utah [28] • "To the extent that it is cost-effective to do so", until then, at least 20% starting 2025.
This study conducted two scenarios to simulate the projected energy outlooks by 2032. The first scenario (Current in Table 5 ) examined projections with the present state of fuel distributions. The second scenario (RPS in Table 5 ) explored the projections based on the fuel distributions, which are determined by the interpretation of current RPS goals. In the model, once total electricity generation is projected, either current or RPS based percent electricity projection is used to divide total electricity generation to estimate for each fuel type. Then, the electricity generation of each fuel type is converted to water consumption based on the consumption rate of each fuel type in each state. Therefore, the difference in water consumption between RPS and current scenarios provide estimates of water savings if the current portfolio of fuel types is changed from conventional to include higher percentage of solar energy, according to RPS. 
Statistical Analysis
One-way analysis of variance (ANOVA) was used to study the differences in water use among the basin states. The Tukey's range test was used to compare the means for all five states using JMP software (SAS Institute Inc., Cary, NC, USA) and p values < 0.05, corresponding to a 95% confidence level, were considered significant. Significant differences are denoted by different capital letters in the figures.
Results and Discussion
Total Water Usage by Thermal and PV Solar Power Plants
Across the five study states over a 10-year period, 1954 operating generating units from 1508 utility scale power plants were assessed. Of these surveyed, generating units, geolocation, cooling systems, and prime mover type for 232 of the total operating units in the study were obtained from the literature.
A majority of the total generated thermoelectricity assessed came from two main fossil fuel energy sources: coal and petroleum products, and natural gas. As shown in Figure 3 , generation of electricity by solar gradually started to increase in recent years. The linear regression trend line showed that a slight decrease in overall generation of electricity from 2005 to 2015 in all states, except for California. However, the r 2 values were lower (0.02 < r 2 < 0.39 depending on state) and the correlations were not significant (p > 0.05). Electricity that was generated by coal had decreasing trends in all five states and the linear correlations were significant (p < 0.05, 0.52 < r 2 < 0.94), except for Arizona. On the other hand, electricity generated by natural gas had increasing trends in four states except Arizona in our study. The correlations in New Mexico, Nevada and Utah were significant (p < 0.05, 0.48 < r 2 < 0.76), whereas it was insignificant in California (p = 0.16, r 2 = 0.21). The substantially higher values of electricity generated in California when compared to the other basin states was due to the larger population, resulting in 13 times more power plants than in the other states. Furthermore, electricity generation in California showed a sharp increase in 2012. One of the possible causes for this shift could be due to the 30 newly commissioned natural gas generating units in 2012.
A current distribution of different fuel types of energy generation for each state in 2014 is provided in Figure 4 . When the fuel types were arranged from most to least proactive on renewable energy adaptation, the basins states were ranked as follows; California, Arizona, Nevada, New Mexico, and Utah. Utah and New Mexico have the slowest adaptation to renewable energy when compared to the other states with more than 95 percent and 90 percent of the total electricity generation from coal and natural gas, respectively. As of 2014, Utah's electricity production from coal fuel is still at 76 percent of the state total. Even historical data for Nevada and Arizona's coal dependency in 1990 showed that they had a lower percentage than Utah's current record (75 percent for Nevada and 51 percent for Arizona). Generation of electricity from coal, petroleum, and natural gas in each state represented more than 60 percent of the total generation. Whereas, for all five states, solar energy facilities produced less than six percent of the total electricity generated. Nevada had the highest positive percent change over the last decade in adapting solar energy in general, with a 2. The ratios of consumption to withdrawal in New Mexico, California, Arizona, Nevada, and Utah are 0.14, 0.19, 0.42, 0.79, and 0.80, respectively, and they were statistically different (p < 0.05). The ratios in New Mexico and California were higher due to the cooling types that were used in the facilities. Cooling types largely affect the amount of water withdrawal and consumption. In New Mexico, a substantial amount of electricity is generated by the facilities generating electricity by coal with pond cooling system, which has much higher water withdrawal than water consumption. Similarly, in California, some of natural gas facilities use once through cooling systems that also increase the amount of water withdrawal. Figure 7 shows the average water withdrawal and consumption rates for different fuel types in each state. Average water withdrawal rate for coal power plants ranged from 4.05 L/kWh in Nevada and Utah to 25.97 L/kWh in New Mexico, whereas the rate of natural gas power plants ranged from 1.70 L/kWh in Utah to 16.39 L/kWh in California. Average water consumption rate for coal power plants ranged from 2.76 L/kWh in New Mexico to 3.03 L/kWh in Nevada, whereas the rate for natural gas power plants ranged from 1.97 L/kWh in Nevada to 3.29 L/kWh in Arizona. Note that both water consumption and water withdrawal rates for natural gas could be higher than those for coal power plants in some states. The ratios of consumption to withdrawal in New Mexico, California, Arizona, Nevada, and Utah are 0.14, 0.19, 0.42, 0.79, and 0.80, respectively, and they were statistically different (p < 0.05). The ratios in New Mexico and California were higher due to the cooling types that were used in the facilities. Cooling types largely affect the amount of water withdrawal and consumption. In New Mexico, a substantial amount of electricity is generated by the facilities generating electricity by coal with pond cooling system, which has much higher water withdrawal than water consumption. Similarly, in California, some of natural gas facilities use once through cooling systems that also increase the amount of water withdrawal. Figure 7 shows the average water withdrawal and consumption rates for different fuel types in each state. Average water withdrawal rate for coal power plants ranged from 4.05 L/kWh in Nevada and Utah to 25.97 L/kWh in New Mexico, whereas the rate of natural gas power plants ranged from 1.70 L/kWh in Utah to 16.39 L/kWh in California. Average water consumption rate for coal power plants ranged from 2.76 L/kWh in New Mexico to 3.03 L/kWh in Nevada, whereas the rate for natural gas power plants ranged from 1.97 L/kWh in Nevada to 3.29 L/kWh in Arizona. Note that both water consumption and water withdrawal rates for natural gas could be higher than those for coal power plants in some states. On average, Arizona had the highest annual household electricity use rate of 12,732 kWh, whereas California had the lowest, 6444 kWh [29] . However, Arizona was not the highest in water consumption and withdrawal among the five states in our study. California had the lowest water consumption rate, but not the lowest water withdrawal. This implies that water usage is affected not only by electricity usage, but also by the type of power plants generating electricity. The difference in water usage depending on the type of power generation plant was also reported in [30] . On average, Arizona had the highest annual household electricity use rate of 12,732 kWh, whereas California had the lowest, 6444 kWh [29] . However, Arizona was not the highest in water consumption and withdrawal among the five states in our study. California had the lowest water consumption rate, but not the lowest water withdrawal. This implies that water usage is affected not only by electricity usage, but also by the type of power plants generating electricity. The difference in water usage depending on the type of power generation plant was also reported in [30] . 
Future Water Usage
The amount of electricity projected to be used in the Colorado River Basin states from 2015 to 2040 is shown in Table 6 . According to EIA energy outlook [21] , electricity usage will increase as population increases, but at a substantially slower pace than observed between 2000 and 2015. Some of the reasons for slower growth may be effects of increased energy-efficient housing and newer energy regulations. Projected populations in all five states have increasing trends with California's population increasing the fastest among the basin states (Table 7) . Utah is projected to have higher electricity usage per capita, based on the projected electricity demand and the projected population growth, than the other states. 
The amount of electricity projected to be used in the Colorado River Basin states from 2015 to 2040 is shown in Table 6 . According to EIA energy outlook [21] , electricity usage will increase as population increases, but at a substantially slower pace than observed between 2000 and 2015. Some of the reasons for slower growth may be effects of increased energy-efficient housing and newer energy regulations. Projected populations in all five states have increasing trends with California's population increasing the fastest among the basin states (Table 7) . Utah is projected to have higher electricity usage per capita, based on the projected electricity demand and the projected population growth, than the other states. Table 8 shows the projected water consumption for each scenario in all five basin states in 2015, 2022, and 2032. Annual water saving in Table 8 projects how much water can be saved during that year if electricity was generated with the RPS fuel distribution scenario instead of the current fuel distribution scenario. In all states, electric generation is projected to increase over time, resulting in the greatest water savings in 2032. However, the amount of water saved is different for each state. California's electricity generation by PV solar is projected to increase, while electricity generation by coal is predicted to remain at zero under the RSP scenario. California generates the largest amount of electricity among the five states, as such, they will save more than 62 billion liters of water in 2032 if the RPS scenario is achieved. On the other hand, Arizona, which is the second highest electricity generating state, is projected to save only a small amount of water (6.7 billion liters of water in 2032) when compared to California. Even though Arizona is projected to decrease electricity generation by coal, the replacement is expected to occur from both PV solar and natural gas. In Arizona, power plants operating with natural gas have a higher water consumption rate than that of power plants operated with coal. Therefore, even though an increase in PV solar will help to save water, the savings will not be large. Similar is the case for New Mexico. New Mexico is also replacing coal with PV solar and natural gas. However, water saving is projected to be only 2.7 billion liters in 2032. In contrast to New Mexico, Nevada, whose annual electricity generation is close to that of New Mexico, is projected to save 4.9 billion liters of water in 2032 by replacing coal with natural gas, associated with a large difference in the water consumption rate between coal and natural gas. Since Utah's RPS was closest to continuing the current conditions, water savings are projected to be the lowest among the five states and expected to be only 1.2 billion liters of water in 2032.
In this study, future water consumption for energy generation was estimated by assuming that it predominantly depends on the population growth. Therefore, factors such as regional climate change and the duration of wet and dry years were assumed to be less impactful on water consumption for electricity generation. However, the data reported in [31] showed that substantial changes in cooling water use as a result of climate change. Furthermore, in our model, the generating unit characteristics (i.e., type of cooling systems and technologies) within each power plant were assumed to remain the same. Cooling system and type of technology affects water consumption, as reflected in the withdrawal rates [14, 16, 18] . As reported in [32] , oil and gas drilling and production are expected to increase in coming years, which can alter the distribution of electricity generation for each fuel type. New technologies such as electric cars and improved energy efficiency may also affect the amount of the electricity generation, which may lead to changes in water usage. There are many factors that can directly and indirectly lead to changes in future electricity generation and water uses which are not currently included in our model. The current study only focusses on the impact of population and redistribution of energy production types to meet states' RPS goals and corresponding water uses. Our results include certain limitations on interpreting the water usage. However, the study helps to shed light on water resource management involving the utility scale energy sector. of water withdrawal was shown to be much larger than the amount of water consumption in all five states. This study clearly showed that achieving an RPS will save water in all five basin states, even though the amount saved will be substantially different depending on how vigorously states pursue replacement of thermal electric generation with less water intensive alternatives, such as PV solar.
